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Nicotinic acid dinucleotide phosphate (NAADP) is unique amongst Ca2+ mobilizing messengers in that its principal function is 
to mobilize Ca2+ from acidic organelles. Early studies indicated that it was likely that NAADP activates a novel Ca2+ release 
channel distinct from the well characterized Ca2+ release channels on the (sarco)-endoplasmic reticulum (ER), inositol 
trisphosphate and ryanodine receptors. In this review, we discuss the emergence of a novel family of endolysosomal channels, 
the two-pore channels (TPCs), as likely targets for NAADP, and how molecular and pharmacological manipulation of these 
channels is enhancing our understanding of the physiological roles of NAADP as an intracellular Ca2+ mobilizing messenger.  
 
 





Ca2+ mobilization from intracellular stores is a major 
mechanism linked to cellular stimuli to generate intracellu-
lar Ca2+ signals that control a multitude of cellular responses 
[1]. Three specific major Ca2+ mobilizing messengers have 
been discovered [2]. The Ca2+ mobilizing action of inositol 
1,4,5-trisphosphate (IP3) was discovered in 1983 in perme-
abilized pancreatic acinar cells where it was shown to re-
lease Ca2+ from non-mitochondrial stores [3]. Produced by 
phospholipase C-mediated hydrolysis of phosphatidylinosi-
tol 4,5 bisphosphate, this messenger has been shown to me-
diate Ca2+ release by activation of many GPCRs and tyro-
sine kinase-linked receptors. Studies in egg homogenates 
prepared from sea urchin eggs showed that the pyridine 
nucleotides, NAD and NADP could mobilize Ca2+ from 
membranous stores independently of IP3 [4]. Further 
chemical analysis revealed that the molecules responsible 
were the NAD metabolite, cyclic adenosine diphosphate 
ribose (cADPR) [5] and the NADP contaminant, nicotinic 
acid dinucleotide phosphate (NAADP) [6]. Both cADPR 
and NAADP may be synthesized by the same class of en- 
zymes, ADP-ribosyl cyclases. One example of such an en-
zyme is CD38 [7], and recent studies on cells from 
Cd38−/−mice suggest that cell surface receptors may be cou-
pled to this protein to regulate cellular levels of both 
cADPR and NAADP [8−10]. An important facet in our un-
derstanding of the physiological roles of Ca2+ mobilizing 
messengers has been the identification of their target pro-
teins in organellar membranes. These are specific messen-
ger regulated Ca2+ release channels. The target channel for 
IP3 from cerebellum was identified in 1989 [11], and shown 
to be identical to a protein first described in 1979 as P400, 
which is lost in Purkinje cells resulting in ataxias. IP3 re-
ceptors are largely expressed in the ER and nuclear enve-
lope, although in some cases they may appear at the plasma 
membrane [12,13]. The target for cADPR was shown to be 
the other major Ca2+ release channel protein found in the 
S/ER, ryanodine receptors (RyRs) [14]. These large proteins 
were first characterized in striated muscle where they make 
up the foot structure seen on electron micrographs between 
sarcolemma and SR membranes [15]. The target channel for 
NAADP has been more elusive. Most studies have indicated 
that NAADP receptors are distinct from IP3Rs and RyRs 
with pharmacological properties more akin to voltage-gated  
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Ca2+ channels, and furthermore the mechanism is resident 
on acidic organelles rather than the ER [16]. NAADP- 
evoked Ca2+ release was inhibited by agents that disrupt 
Ca2+ storage by acidic organelles such as the proton pump 
inhibitor, bafilomycin, and the lysomotropic agent, glycyl- 
L-phenylalanine-2-naphthylamide (GPN) [17] (Figure 1). 
Based on these two premises, recent studies searching for 
NAADP receptors have indicated that major candidates are 
members of a novel family of endo-lysosomal channels in 
animal cells termed two-pore channels, TPCs [18−21].  
1  Two-pore channels (TPCs) mediate NAADP- 
evoked Ca2+ release 
In screening rat kidney cDNA libraries for homologues of 
voltage gated cation channels, sequences were identified 
coding for putative 12 transmembrane domain (TMD) 
channel structures, termed two-pore channel 1 (TPC1) [22], 
intermediate between 24 TMD alpha subunits of Na+/Ca2+ 




Figure 1  Pharmacology of calcium release from acidic stores. A simpli-
fied model lysosome depicting H+ uptake by the V-type ATPase and puta-
tive Ca2+ uptake by a Ca2+/H+ antiporter. This physiology can be disrupted 
by bafilomycin A1 which inhibits proton-pumping, proton ionophores such 
as FCCP and nigericin, which dissipate the proton gradient and GPN which 
causes osmotic lysis of the lysosome. The more specific antagonists of the 
NAADP receptor are also shown: Ned-19, VGCC blockers and PPADS.  
which include the TRP channel family amongst others. 
However, no functional proper- ties were detected from 
plasma membrane recordings of Xenopus oocytes in which 
the cRNA encoding this protein was expressed. A TPC1 
homologue was then cloned from plants, and subsequently 
shown to be localised to vacuolar membranes, the plant 
equivalent of lysosomes [23], where it mediates slow vacu-
olar (SV) currents [24]. Given the pharmacology of 
NAADP-mediated Ca2+ release and its role in mediating 
Ca2+ release from acidic stores, animal TPCs emerged as a 
plausible candidate for an NAADP-gated Ca2+ channel. This 
hypothesis was tested in an extensive study carried out by a 
team of international collaborators which was finally pub-
lished in Nature in early 2009 [18]. Several important find-
ings were reported which set the scene for a flurry of further 
reports that have appeared since then, making TPCs the 
most compelling candidates for NAADP- gated channels to 
date. Three distinct animal isoforms, termed TPC1, TPC2 
and TPC3 were cloned from a variety of vertebrate genomes. 
All were found to localize to components of the en-
do-lysosomal system, but with distinct subcellular localiza-
tions. TPC2 was found to be predominantly localized in 
lysosomes, whilst TPC1 co-localized with late endosomal 
markers, and TPC3 to recycling endosomes. In HEK293 
cells heterologously expressing lysosomal TPC2, NAADP 
applied through the patch pipette or photolysis of caged 
NAADP evoked a characteristic biphasic Ca2+ signal. Phar-
macological dissection of the Ca2+ signal indicated that the 
initial smaller Ca2+ transient was due to Ca2+ release from 
acidic stores, whilst the second larger phase was due to 
ER-based IP3R-mediated Ca2+ release. This cross-talk be-
tween distinct organellar Ca2+ stores mirrored previous 
analyses of NAADP-evoked Ca2+ release in sea urchin eggs 
and in mammalian cells, whereby spatially restricted Ca2+ 
release by NAADP triggers a globalized Ca2+ wave by re-
cruiting ER CICR channels. Interestingly, in this study, en-
dosomally expressed TPC1 only triggers the small local 
Ca2+ release from acidic stores which appears uncoupled 
from ER Ca2+ release mechanisms.  
Two further studies highlighted TPCs as NAADP-   
regulated Ca2+ release channels. The first also highlighted 
the role of TPC2 as lysosomal-based NAADP-sensitive 
Ca2+ channels, but here it appeared uncoupled from ER Ca2+ 
release [20]. Furthermore, TPC1 did not appear responsive 
to NAADP. In the second study, TPC1 expression in a 
breast cancer cell line, enhanced the sensitivity of NAADP- 
evoked Ca2+ signals which in this system were amplified by 
RyRs rather than IP3Rs [21]. TPC1 constructs in which site- 
directed mutagenesis effected a proline for a leucine substi-
tution at position 273 failed to enhance the effects of NAADP, 
and appeared to act in a dominant negative fashion.  
An important characteristic of the NAADP receptor is its 
ability to bind NAADP with high affinity [25−27]. NAADP 
binding has been most extensively characterized in sea ur-
chin egg membranes, and thus this was an important system 
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in which to examine whether TPCs are NAADP receptors, 
since although enhanced [32P]NAADP binding was found to 
be associated with overexpression of HsTPC2 expression 
[18], the counts in mammalian systems are generally quite 
low [28]. Three TPC isoforms were cloned from the sea 
urchin S. purpuratus and heterologously expressed in 
HEK293 cells [29]. Both TPC1 and TPC2 enhanced 
NAADP-evoked Ca2+ release and both appeared coupled to 
IP3R-mediated Ca2+ release. In contrast, TPC3 expression 
did not enhance NAADP-evoked Ca2+ signals but rather 
suppressed them, including when co-expressed with TPC2. 
Polyclonal antibodies were prepared against TPC1 and 
TPC3 sequences and used to immunoprecipitate endoge-
nous solubilized sea urchin egg TPCs. Remarkably, these 
immunoprecipitates had high affinity [32P]NAADP binding 
(KD ~1 nmol L
−1) and characteristics indistinguishable from 
binding to native membranes, including irreversibility of 
binding in the presence of high K+ concentrations [30], and 
the ability of low NAADP concentrations to occlude the 
NAADP binding site, properties which are linked to the 
unusual inactivation properties of the sea urchin NAADP 
receptor [25,31].  
2  TPCs are NAADP-gated ion channels 
To demonstrate that TPCs are components of a Ca2+ release 
channel itself, three different approaches were used to 
measure TPC-mediated currents. The first was direct patch-
ing of lysosomes isolated from HEK cells overexpressing 
MmTPC2 on a solid matrix planar glass chip containing a 
small orifice [32,33]. NAADP-stimulated currents were 
observed. Importantly, TPC2 channels in which the leucine 
at position 265 was changed to a proline abolished these 
currents, strongly suggesting that the current activated by 
NAADP was carried by the TPC2 protein. In a second ap-
proach, immunopurified HsTPC2 was reconstituted into 
artificial lipid bilayers and the first single channel properties 
of TPC2 were reported [34]. Channels were permeant to 
monovalent cations and Ca2+ with a reported PK/PCa of 9. 
The open probability of the channels was dependent on the 
NAADP concentration and followed a “bell-shaped” con-
centration-response relationship mirroring that for Ca2+ re-
lease in mammalian cells [35] (Figure 2). Channels were 
sensitive to both luminal Ca2+ and luminal pH. Whilst the 
former increased the sensitivity of the channels to gating by 
NAADP, the latter modulated the reversibility of NAADP 
binding. Since NAADP has also been found to alkalinize 
luminal pH of acidic stores, this may be of physiological 
significance. Another important finding was that the chan-
nel was modulated by the selective NAADP antagonist, 
Ned-19 [36], with low concentrations enhancing channel 
openings whereas higher concentrations blocked the chan-
nels. This is an important validation of NAADP-gated 
channels as a target for Ned-19 since this inhibitor is gain- 
 
Figure 2  Compilation of bell-shaped NAADP concentration response 
curves. Curves traced and scaled from the various studies reporting 
bell-shaped responses to NAADP. The two solid curves in bold are those 
from purified HsTPC2 (Red) [34] and HsTPC2-overexpressing lysosomes 
(Navy blue) [33]. Dashed lines are from endogenous tissues: uterus smooth 
muscle [37], T-lymphocytes [38], pancreatic β cells [28,39], myoblasts  
[40] and bladder smooth muscle [41]. 
ing prominence as a diagnostic test for the operation of 
NAADP signalling in cells and tissues. Finally, HsTPC2 
channels were mutated so that they were redirected from the 
lysosome to the plasma membrane. Here NAADP-activated 
plasma membrane currents uncoupled from RyRs [42]. The 
change from ryanodine-modulated NAADP-evoked mobi-
lization from internal stores to ryanodine-insensitive 
NAADP-induced plasma membrane currents correlates with 
the change of expression of TPC2 from lysosomes to the 
plasma membrane, and again confirms that TPC2 are likely 
targets of NAADP. These studies together are strong indica-
tion that TPCs form NAADP-gated channels, however, the 
binding site for NAADP, although associated with TPCs, 
has not been identified. Further work is needed to show 
whether it resides on TPC proteins themselves or is part of a 
macromolecular complex of which TPCs are the likely ion 
conducting components.  
3  Endolysosomal system as a calcium store  
Endosomes, lysosomes and lysosomal-related organelles are 
emerging as important Ca2+ storage cellular sites, with a 
central role in intracellular Ca2+ signaling. There are now a 
growing number of reports of Ca2+ measurements within the 
lumen of lysosomes and endosomes [43−45]. Typically, the 
consensus seems to be that luminal Ca2+ levels range from 
200 to 600 µmol L−1, and are therefore not dissimilar from 
the ER. What is not clear is how Ca2+ is stored in compart-
ments of such low pH which would affect the type of buff-
ering processes operating to allow these organelles to store 
appreciable amounts of Ca2+. Endocytosis at the plasma 
membrane forms endosomal vesicles which mature to late 
endosomes and culminate in lysosomal biogenesis. Thus 
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initially, endosomes contain large amounts of Ca2+ derived 
from extracellular media, and this is adjusted by changing 
membrane transport processes during vesicular trafficking 
[46]. During this process, acquisition of different ion chan-
nels and transporters progressively changes the en-
do-lysosomal luminal ionic environment (e.g., pH and Ca2+) 
to regulate enzyme activities, membrane fusion/fission and 
organellar ion fluxes [47], and defects in these can result in 
a number of pathologies such as lysosomal storage diseases. 
Acidification is the best studied ion transport process in 
endolysosomes, and mediated by the action of bafilomy-
cin-sensitive vacuolar proton pumps, and chloride channels 
[48] and cation channels [49], may be important in allowing 
the passage of counter ions and regulating luminal ionic 
conditions regulating enzyme activities for example, as well 
as the modest membrane potential across the lysosomal 
membrane [50]. In addition to TPCs, a number of cation 
channels are also expressed in lysosomal membranes, in-
cluding two branches of the TRP channel family, muco-
lipins [51], and TRPM2 [52], as well as P2X4 [53]. All 
three are also potential candidates for NAADP-gated Ca2+ 
release channels in addition to TPCs. Evidence for and 
against mucopin-1 being regulated has been presented 
[54−56], and recent evidence suggests it may be regulated 
instead by phosphatidylinositol 3,5-bisphosphate [57]. 
How Ca2+ is taken up into the endolysosomal system 
subsequent to endocytosis is not well understood at the mo-
lecular level. As mentioned above, Ca2+ is initially high in 
endosomes forming at the plasma membrane, and subse-
quent Ca2+ uptake is strongly dependent on the pH gradient 
set by the proton pump, but molecular evidence for the type 
of Ca2+/H+ exchanger found in plant and yeast vacuoles is 
lacking. Given the strong dependence of TPC2 properties 
on luminal Ca2+ and pH [34], the actions of the network of 
ion channels and transporters in the membrane will impact 
greatly on the functional properties of TPCs, and hence 
NAADP-mediated Ca2+ release.  
4  Calcium release from acidic stores  
The identification of acidic Ca2+ stores and TPCs as 
NAADP targets has provided chemical and molecular tools 
by which to study the physiological roles of Ca2+ release 
from the endolysosomal system. The finding that NAADP 
mobilizes Ca2+, at least initially, from acidic stores, in con-
trast to the ER being the principal target of IP3 and cADPR, 
means that a comparative approach has provided useful in-
formation about the selectivity of responses controlled by 
these messengers. The development of selective chemical 
tools such as the NAADP antagonist, Ned-19 [36], and 
caged NAADP [58], have been useful in dissecting roles for 
NAADP signaling, and now the molecular manipulation of 
TPCs have provided a new approach.  
In contrast with the ER network that represents a single, 
large and expansive Ca2+ store in most cells [59], endo-
somes, lysosomes and lysosomal-related organelles are dis-
crete and smaller structures and vary in number between 
cells. They are dynamic structures, and their distribution 
may dramatically change upon cellular stimulation. For ex-
ample, secretory lysosomes containing lytic enzymes, and 
also TPC2 [60], become polarized to the “immunological 
synapse” upon T cell activation [61]. In some cells acidic 
stores appear to be more or less uniformly distributed, whilst 
in others such as epithelial cells they may be largely region-
ally concentrated. This is correlated with different spatial 
patterns of NAADP-evoked Ca2+ release between cells [62].  
That acidic stores are small structures is consistent with 
NAADP-evoked small and highly localized Ca2+ signals 
within cells. Responses of cells to NAADP are highly de-
pendent on the subcellular localization of NAADP-sensitive 
Ca2+ stores, which may be dynamic in nature.  
5  Mechanisms in NAADP-mediated Ca2+ sig-
naling  
Three distinct modes of Ca2+ signaling evoked by NAADP 
have been established [63] based on the differential locali-
zation of NAADP-sensitive Ca2+ stores (Figure 3). Much 
evidence has been derived from studies of Ca2+ signalling in  
 
 
Figure 3  Three major modes of NAADP-mediated Ca2+ signaling. 
NAADP is a local trigger mechanism for detonating global CICR respons-
es from the ER by recruitment of CICR mechanisms. Local Ca2+ release by 
NAADP from acidic stores positioned under the plasma membrane may 
regulate membrane excitability (excitable cells) or ion fluxes (non-excita- 
ble cells) by modulating Ca2+-activated plasma membrane channels. 
NAADP regulates local cytoplasmic Ca2+/pH and luminal Ca2+/pH in en-
dolysosomal compartments that may regulate vesicular fusion of late en- 
dosomes/lysosomes. 
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sea urchin eggs, but more recently NAADP signalling has 
been studied in a wide range of mammalian cells since it 
appears to act as a widespread, if not universal, Ca2+ mobi-
lizing messenger.  
5.1  Coordination of Ca2+ release by organelle cross-talk  
An early finding in the Ca2+ physiology of NAADP as an 
intracellular Ca2+ mobilizing messenger, was that NAADP 
can often evoke large Ca2+ signals at odds with it targeting 
small acidic stores [64]. One explanation for this apparent 
paradox is the trigger hypothesis whereby NAADP evokes 
local Ca2+ release from acidic stores which may then be am-
plified by recruitment of CICR mechanism on the ER [65]. 
Photolysis of NAADP in sea urchin eggs evokes complex 
patterns of Ca2+ release which in contrast to IP3 or cADPR 
includes repetitive Ca2+ spiking [25,66]. Analyses of these 
Ca2+ spikes highlighted that they arise by the interplay be-
tween ER-independent, later identified as acidic stores, and 
IP3-or cADPR-sensitive ER stores in a two-pool model for 
their production [66]. The finding that NAADP mobilizes 
Ca2+ in mammalian cells, also supported a role for organel-
lar cross talk in the action of NAADP [35]. Introduction of 
NAADP into pancreatic acinar cells evokes Ca2+ spiking in 
which NAADP-evoked Ca2+ release triggers further Ca2+ 
release by recruiting ER-based CICR mechanisms [35,67]. 
A structural basis for functional interactions between stores 
came from studies in vascular smooth muscle where both 
NAADP and Ca2+ mobilizing agonists acting at cell surface 
receptors initiate Ca2+ release from pacemaker sites corre-
sponding to juxta-organellar junctions between lysosomes 
and the S/ER [68].   
5.2  Regulation of plasma membrane events by NAADP  
Another feature of Ca2+ release from intracellular stores by 
NAADP may be to modulate plasma membrane channels 
and membrane excitability. NAADP was found to depolar-
ize the plasma membrane of invertebrate eggs and evoke 
Ca2+ influx [69−71], a specific property not shared by either 
IP3 or cADPR, and this may be important in mediating the 
fast block to polyspermy at fertilization. In non-excitable 
cells such as pancreatic acinar cells, NAADP activates 
membrane Ca2+-activated currents [35], that mediate fluid 
secretion from the exocrine pancreas. In excitable cells in-
cluding neurons, NAADP can trigger changes in membrane 
potential that may initiate action potentials and Ca2+ influx 
by voltage-gated Ca2+ channels [72]. In many cases, these 
effects are secondary to Ca2+ release from acidic stores 
which may or may not involve amplification by ER Ca2+ 
release mechanisms, although direct action at plasma mem-
brane channels has also been proposed despite TPCs being 
generally absent from the plasma membrane [18]. Im-
portantly, it was found that NAADP activates plasma mem-
brane currents in mouse pancreatic β cells, effects that are 
abolished in cells from TPC2 knockout mice [18]. This 
mode of action of NAADP may be important with the pro-
posed role of this messenger in modulating insulin secretion 
from the endocrine pancreas. Thus Ca2+ release from acidic 
stores proximal to the plasma membrane may be important 
determinants of plasma membrane excitability, and since 
such TPC expressing organelles are dynamic, they can be 
targeted to different subcellular sites to initiate various 
Ca2+-dependent cellular responses.  
5.3  Local Ca2+ release in the endolysosomal system and 
its pathophysiology  
Local Ca2+ release from endolysosomal vesicles has been 
proposed as playing a crucial role in vesicular fusion, traf-
ficking and lysosomal biogenesis, by regulating local cyto-
plasmic Ca2+ microdomains or luminal Ca2+ content [73,74]. 
The Ca2+ channels mediating these important signals are not 
known but endolysosomal TPCs in addition to mucopilin-1 
have now emerged as important candidates. Studies from 
overexpressing TPCs in HEK293 cells have shown that they 
have profound effects of the morphology of endolysosomal 
vesicles causing enlarged lysosomal structures and deficits 
in endocytosis [29]. It is hypothesized that these effects are 
due to enhanced Ca2+ release via TPCs since the effects can 
be ameliorated by treatment with the NAADP antagonist, 
Ned-19. Ned19-induced effects on trafficking in wild type 
cells may indicate a physiological role for NAADP-medi- 
ated Ca2+ release in endolysosomal physiology. Such defects 
are often observed in lysosomal storage disease phenotypes, 
and recently lysosomal Ca2+ dysregulation has been pre-
sented as a causal factor in these diseases [75]. Particularly 
interesting recent findings are that cells from Niemann-Pick 
type C patients contain lysosomes with low Ca2+ storage and 
defective NAADP-mediated Ca2+ release [45]. Conversely, 
in cells from patients with mucolipidosis IV which lack 
functional mucolipin 1 channels, NAADP-evoked Ca2+ re-
lease is enhanced and associated with enlarged lysosomes 
[75].  
6  Physiological roles of NAADP-mediated Ca2+ 
signaling  
Although there had been sporadic reports of agonist-evoked 
Ca2+ release from acidic stores in a variety of cell types, the 
study of NAADP signalling has added a new dimension to 
this field in recent years.  
A growing number of receptors have now been shown to 
be coupled to NAADP-production and NAADP-mediated 
Ca2+ signaling; see Table 1 in [76]. There are four broad 
approaches of varying directness that have been employed 
to implicate NAADP in receptor-mediated Ca2+ signalling 
pathways. These include inhibition of agonist-evoked Ca2+ 
signals by self-inactivation of NAADP [38], use of the se-
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lective membrane permeant NAADP antagonist, Ned-19 
[37,40], measurement of cellular NAADP levels following 
agonist stimulation [77], and more indirectly by disruption 
of Ca2+ storage by acidic stores, e.g., with GPN or bafilo-
mycin [62]. The pathways leading to NAADP synthesis 
need clarification, but several recent reports in different cell 
types have implicated CD38 [8−10,78], an ADP-ribosyl 
cyclase enzyme previously shown to catalyse the synthesis 
of NAADP from NADP in vitro.  
The identification of TPCs as major targets for NAADP 
has now heralded several studies employing cells from 
TPC2 knockout mice or use of RNAi to knockdown TPC 
expression. These approaches are further illustrating the 
importance of NAADP-mediated Ca2+ signaling pathways in 
a number of cellular responses and their role in mediating 
the effects of various cellular stimuli.  
TPC2 knockout mice were created by a gene-trap ap-
proach [18]. These mice are viable and preliminary analyses 
have indicated only subtle phenotypes perhaps reflecting a 
degree of redundancy with TPC1 and other mediators of 
Ca2+ signalling, or other forms of gene compensation. In a 
study of the Ca2+ stores in permeabilised bladder muscle, 
NAADP-evoked contractions were abolished in tissue from 
TPC2 knockout mice [41]. Furthermore, although musca-
rinic receptor activation evoked contractions by recruiting 
both SR and acidic stores, in TPC2 knockout cells, coupling 
to acidic stores was abolished. This indicated that TPC2 was 
required for agonist-mediated responses involving Ca2+ re-
lease from acidic stores. However, responses were plastic in 
that to compensate in TPC2 knockout muscle, RyR-medi- 
ated Ca2+ release from the SR is apparently upregulated.  
A study of the role of NAADP-mediated Ca2+ signaling 
in rat undifferentiated myoblasts showed that NAADP 
could mobilize Ca2+ in these cells in the apparent absence of 
RyR expression [40]. Inhibition of NAADP-evoked Ca2+ 
signaling by Ned-19 or by knockdown of TPC by RNA in-
terference substantially inhibited differentiation of my-
oblasts into differentiated skeletal myocytes with no effect 
of blocking RyRs and partial effects of IP3R antagonists. 
Knockdown of TPC2 had a stronger effect than reducing 
TPC1 expression indicating a clear difference in roles for 
TPC isoforms. This study underscores specific roles for 
NAADP-evoked Ca2+ signals in cellular responses such as 
muscle differentiation, and could be an underlying principle 
since a specific role for NAADP has also been reported for 
differentiation of neuroblastoma cells [79].  
Knockdown of TPC1/TPC2 have also recently been re-
ported to block NAADP induced Ca2+ release in megakar-
yocytes [80] or histamine 1 receptor-mediated secretion of 
von Willibrand Factor from human endothelial cells [81].  
In summary, pharmacological approaches inhibiting 
NAADP-mediated Ca2+ release and now modulation of TPC 
expression are highlighting the roles of NAADP in im-
portant physiological responses and identifying stimuli op-
erating through this signal transduction pathway.  
7  Conclusion 
The molecular identification of TPCs as target channels for 
NAADP together with the development of selective chemi-
cal probes for the NAADP-signalling pathway, are reveal-
ing important roles for this messenger in cellular regulation. 
These studies have also had the major impact of highlight-
ing the role of organelles of the endo-lysosomal system as 
Ca2+ stores targeted by a specific Ca2+ mobilizing messenger. 
We are beginning to recognize that NAADP appears to 
evoke Ca2+ signals that are distinct from those produced by 
other messengers and pathways, which may selectively reg-
ulate particular cellular responses and may be an important 
way in which specificity in Ca2+ signaling arises. A key role 
for NAADP in triggering Ca2+ signalling responses has been 
advanced.  
Major questions, however, still remain. These include 
details of NAADP synthesis and metabolism and precise 
details of these are coupled to cell surface receptor activa-
tion and cellular stimulation in general. The location of the 
NAADP binding site still needs to be resolved: Is it on TPC 
subunits themselves or on an accessory protein? If the latter, 
do these binding proteins interact with other proteins in-
cluding other channels? Although specific responses are 
emerging as being distinctly regulated by NAADP-evoked 
Ca2+ release as opposed to other Ca2+ signaling pathways, 
what constitutes this specificity, and why do different Ca+ 
mobilizing receptors couple to multiple messengers? Do 
different TPCs mediate specific responses as their differen-
tial localization might suggest? Given the foundations of 
NAADP signaling outlined here and the development of 
new tools to study NAADP-mediated Ca2+ signaling, the 
answers to these and other key questions should be forth-
coming in the near future.  
 
 
1 Berridge M J, Bootman M D, Roderick H L. Calcium signalling: dy-
namics, homeostasis and remodelling. Nat Rev Mol Cell Biol, 2003, 
4: 517–529 
2 Bootman M, Berridge M, Roderick H. Calcium signalling: more 
messengers, more channels, more complexity. Curr Biol, 2002, 12: 
R563 
3 Streb H, Irvine R F, Berridge M J, et al. Release of Ca2+ from a non-
mitochondrial intracellular store in pancreatic acinar cells by inosi-
tol-1,4,5-trisphosphate. Nature, 1983, 306: 67–69 
4 Clapper D L, Walseth T F, Dargie P J, et al. Pyridine nucleotide me-
tabolites stimulate calcium release from sea urchin egg microsomes 
desensitized to inositol trisphosphate. J Biol Chem, 1987, 262: 9561– 
9568 
5 Lee H C, Walseth T F, Bratt G T, et al. Structural determination of a 
cyclic metabolite of NAD with intracellular calcium-mobilizing ac-
tivity. J Biol Chem, 1989, 264: 1608–1615 
6 Lee H C, Aarhus R. A derivative of NADP mobilizes calcium stores 
insensitive to inositol trisphosphate and cyclic ADP-ribose. J Biol 
Chem, 1995, 270: 2152–2157 
7 Malavasi F, Deaglio S, Funaro A, et al. Evolution and function of the 
ADP ribosyl cyclase/CD38 gene family in physiology and pathology. 
Physiol Rev, 2008, 88: 841–886 
8 Cosker F, Cheviron N, Yamasaki M, et al. The ecto-enzyme CD38 is 
 Galione A, et al.   Sci China Life Sci   August (2011) Vol.54 No.8 731 
a nicotinic acid adenine dinucleotide phosphate (NAADP) synthase 
that couples receptor activation to Ca2+ mobilization from lysosomes 
in pancreatic acinar cells. J Biol Chem, 2010, 285: 38251–38259 
9 Kim S Y, Cho B H, Kim U H. CD38-mediated Ca2+ signaling con-
tributes to angiotensin II-induced activation of hepatic stellate cells: 
attenuation of hepatic fibrosis by CD38 ablation. J Biol Chem, 2010, 
285: 576–582 
10 Rah S Y, Mushtaq M, Nam T S, et al. Generation of cyclic 
ADP-ribose and nicotinic acid adenine dinucleotide phosphate by 
CD38 for Ca2+ signaling in interleukin-8-treated lymphokine-acti- 
vated killer cells. J Biol Chem, 2010, 285: 21877–21887 
11 Furuichi T, Yoshikawa S, Miyawaki A, et al. Primary structure and 
functional expression of the inositol 1,4,5-trisphosphate-binding pro-
tein P400. Nature, 1989, 342: 32–38 
12 Foskett J K, White C, Cheung K H, et al. Inositol trisphosphate re-
ceptor Ca2+ release channels. Physiol Rev, 2007, 87: 593–658 
13 Dellis O, Dedos S G, Tovey S C, et al. Ca2+ entry through plasma 
membrane IP3 receptors. Science, 2006, 313: 229–233 
14 Galione A, Lee H C, Busa W B. Ca2+-induced Ca2+ release in sea ur-
chin egg homogenates: modulation by cyclic ADP-ribose. Science, 
1991, 253: 1143–1146 
15 Lai F A, Erickson H P, Rousseau E, et al. Purification and reconstitu-
tion of the calcium release channel from skeletal muscle. Nature, 
1988, 331: 315–319 
16 Galione A, Petersen O H. The NAADP receptor: New receptors or 
new regulation? Mol Interv, 2005, 5: 73–79 
17 Churchill G C, Okada Y, Thomas J M, et al. NAADP mobilizes Ca2+ 
from reserve granules, a lysosome-related organelle, in sea urchin 
eggs. Cell, 2002, 111: 703–708 
18 Calcraft P J, Ruas M, Pan Z, et al. NAADP mobilizes calcium from 
acidic organelles through two-pore channels. Nature, 2009, 459: 596– 
600 
19 Galione A, Evans A M, Ma J, et al. The acid test: the discovery of 
two-pore channels (TPCs) as NAADP-gated endolysosomal Ca2+ 
release channels. Pflugers Arch, 2009, 458: 869–876 
20 Zong X, Schieder M, Cuny H, et al. The two-pore channel TPCN2 
mediates NAADP-dependent Ca2+-release from lysosomal stores. 
Pflugers Arch, 2009, 458: 891–899 
21 Brailoiu E, Churamani D, Cai X, et al. Essential requirement for 
two-pore channel 1 in NAADP-mediated calcium signaling. J Cell 
Biol, 2009, 186: 201–209 
22 Ishibashi K, Suzuki M, Imai M. Molecular cloning of a novel form 
(two-repeat) protein related to voltage-gated sodium and calcium 
channels. Biochem Biophys Res Commun, 2000, 270: 370–376 
23 Furuichi T, Cunningham K W, Muto S. A putative two pore channel 
AtTPC1 mediates Ca2+ flux in Arabidopsis leaf cells. Plant Cell 
Physiol, 2001, 42: 900–905 
24 Peiter E, Maathuis F J, Mills L N, et al. The vacuolar Ca2+-activated 
channel TPC1 regulates germination and stomatal movement. Nature, 
2005, 434: 404–408 
25 Aarhus R, Dickey D M, Graeff R M, et al. Activation and inactiva-
tion of Ca2+ release by NAADP+. J Biol Chem, 1996, 271: 8513–8516 
26 Patel S, Churchill G C, Galione A. Unique kinetics of nicotinic ac-
id-adenine dinucleotide phosphate (NAADP) binding enhance the 
sensitivity of NAADP receptors for their ligand. Biochem J, 2000, 
352: 725–729 
27 Billington R A, Genazzani A A. Characterization of NAADP+ bind-
ing in sea urchin eggs. Biochem Biophys Res Commun, 2000, 276: 
112–116 
28 Masgrau R, Churchill G C, Morgan A J, et al. NAADP. A new se-
cond messenger for glucose-induced Ca2+ responses in clonal pancre-
atic beta cells. Curr Biol, 2003, 13: 247–251 
29 Ruas M, Rietdorf K, Arredouani A, et al. Purified TPC Isoforms 
Form NAADP receptors with distinct roles for Ca2+ signaling and 
endolysosomal trafficking. Curr Biol, 2010, 20: 703–709 
30 Dickinson G D, Patel S. Modulation of NAADP receptors by K+ ions: 
Evidence for multiple NAADP receptor conformations. Biochem J, 
2003, 375: 805–812 
31 Genazzani A A, Empson R M, Galione A. Unique inactivation prop-
erties of NAADP-sensitive Ca2+ release. J Biol Chem, 1996, 271: 
11599–11602 
32 Schieder M, Rotzer K, Bruggemann A, et al. Planar patch clamp ap-
proach to characterize ionic currents from intact lysosomes. Sci Sig-
nal, 2010, 3: pl3 
33 Schieder M, Rotzer K, Bruggemann A, et al. Characterization of 
two-pore channel 2 (TPCN2)-mediated Ca2+ currents in isolated ly-
sosomes. J Biol Chem, 2010, 285: 21219–21222 
34 Pitt S J, Funnell T M, Sitsapesan M, et al. TPC2 is a novel 
NAADP-sensitive Ca2+ release channel, operating as a dual sensor of 
luminal pH and Ca2+. J Biol Chem, 2010, 285: 35039–35046 
35 Cancela J M, Churchill G C, Galione A. Coordination of ago-
nist-induced Ca2+-signalling patterns by NAADP in pancreatic acinar 
cells. Nature, 1999, 398: 74–76 
36 Naylor E, Arredouani A, Vasudevan S R, et al. Identification of a 
chemical probe for NAADP by virtual screening. Nat Chem Biol, 
2009, 5: 220–226 
37 Aley P K, Noh H J, Gao X, et al. A functional role for nicotinic acid 
adenine dinucleotide phosphate in oxytocin-mediated contraction of 
uterine smooth muscle from rat. J Pharmacol Exp Ther, 2010, 333: 
726–735 
38 Berg I, Potter B V, Mayr G W, et al. Nicotinic acid adenine dinucleo-
tide phosphate (NAADP(+)) is an essential regulator of T-lymphoc- 
yte Ca2+-signaling. J Cell Biol, 2000, 150: 581–588 
39 Johnson J D, Misler S. Nicotinic acid-adenine dinucleotide phos-
phate-sensitive calcium stores initiate insulin signaling in human beta 
cells. Proc Natl Acad Sci USA, 2002, 99: 14566–14571 
40 Aley P K, Mikolajczyk A M, Munz B, et al. Nicotinic acid adenine 
dinucleotide phosphate regulates skeletal muscle differentiation via 
action at two-pore channels. Proc Natl Acad Sci USA, 2010, 107: 
19927–19932 
41 Tugba Durlu-Kandilci N, Ruas M, Chuang K T, et al. TPC2 proteins 
mediate nicotinic acid adenine dinucleotide phosphate (NAADP)-and 
agonist-evoked contractions of smooth muscle. J Biol Chem, 2010, 
285: 24925–24932 
42 Brailoiu E, Rahman T, Churamani D, et al. An NAADP-gated 
two-pore channel targeted to the plasma membrane uncouples trig-
gering from amplifying Ca2+ signals. J Biol Chem, 2010, 285: 
38511–38516 
43 Christensen K A, Myers J T, Swanson J A. pH-dependent regulation 
of lysosomal calcium in macrophages. J Cell Sci, 2002, 115: 599–607 
44 Srinivas S P, Ong A, Goon L, et al. Lysosomal Ca2+ stores in bovine 
corneal endothelium. Invest Ophthalmol Vis Sci, 2002, 43: 2341– 
2350 
45 Lloyd-Evans E, Morgan A J, He X, et al. Niemann-Pick disease type 
C1 is a sphingosine storage disease that causes deregulation of lyso-
somal calcium. Nat Med, 2008, 14: 1247–1255 
46 Gerasimenko J V, Tepikin A V, Petersen O H, et al. Calcium uptake 
via endocytosis with rapid release from acidifying endosomes. Curr 
Biol, 1998, 8: 1335–1338 
47 Scott C C, Gruenberg J. Ion flux and the function of endosomes and 
lysosomes: pH is just the start. Bioessays, 2011, 33: 103–110 
48 Jentsch T J. Chloride and the endosomal-lysosomal pathway: emerg-
ing roles of CLC chloride transporters. J Physiol, 2007, 578: 633–640 
49 Steinberg B E, Huynh K K, Brodovitch A, et al. A cation counterflux 
supports lysosomal acidification. J Cell Biol, 2010, 189: 1171–1186 
50 Koivusalo M, Steinberg B E, Mason D, et al. In situ measurement of 
the electrical potential across the lysosomal membrane using FRET. 
Traffic, 2011 (in press)  
51 Cheng X, Shen D, Samie M, et al. Mucolipins: Intracellular 
TRPML1-3 channels. FEBS Lett, 2010, 584: 2013–2021 
52 Lange I, Yamamoto S, Partida-Sanchez S, et al. TRPM2 functions as 
a lysosomal Ca2+-release channel in beta cells. Sci Signal, 2009, 2: 
ra23 
53 Qureshi O S, Paramasivam A, Yu J C, et al. Regulation of P2X4 re-
ceptors by lysosomal targeting, glycan protection and exocytosis. J 
Cell Sci, 2007, 120: 3838–3849 
54 Pryor P R, Reimann F, Gribble F M, et al. Mucolipin-1 Is a lysoso-
mal membrane protein required for intracellular lactosylceramide 
732 Galione A, et al.   Sci China Life Sci   August (2011) Vol.54 No.8 
traffic. Traffic, 2006, 7: 1388–1398 
55 Zhang F, Li P L. Reconstitution and characterization of a nicotinic 
acid adenine dinucleotide phosphate (NAADP)-sensitive Ca2+ release 
channel from liver lysosomes of rats. J Biol Chem, 2007, 282: 
25259–25269 
56 Yamaguchi S, Jha A, Li Q, et al. TRPML1 and two-pore channels are 
functionally independent organellar ion channels. J Biol Chem, 2011 
(in press)  
57 Dong X P, Shen D, Wang X, et al. PI(3,5)P2 controls membrane traf-
ficking by direct activation of mucolipin Ca2+ release channels in the 
endolysosome. Nature Commun, 2010, 1: 1–11 
58 Lee H C, Aarhus R, Gee K R, et al. Caged nicotinic acid adenine di-
nucleotide phosphate. Synthesis and use. J Biol Chem, 1997, 272: 
4172–4178 
59 Berridge M J. The endoplasmic reticulum: a multifunctional signal-
ing organelle. Cell Calcium, 2002, 32: 235–249 
60 Casey T M, Meade J L, Hewitt E W. Organelle proteomics: identifi-
cation of the exocytic machinery associated with the natural killer 
cell secretory lysosome. Mol Cell Proteomics, 2007, 6: 767–780 
61 Jenkins M R, Griffiths G M. The synapse and cytolytic machinery of 
cytotoxic T cells. Curr Opin Immunol, 2010, 22: 308–313 
62 Yamasaki M, Masgrau R, Morgan A J, et al. Organelle selection de-
termines agonist-specific Ca2+ signals in pancreatic acinar and beta 
cells. J Biol Chem, 2004, 279: 7234–7240 
63 Galione A. NAADP receptors. Cold Spring Harb Perspect Biol, 2011, 
3: a004036 
64 Churchill G C, Galione A. Spatial control of Ca2+ signaling by nico-
tinic acid adenine dinucleotide phosphate diffusion and gradients. J 
Biol Chem, 2000, 275: 38687–38692 
65 Patel S, Churchill G C, Galione A. Coordination of Ca2+ signalling by 
NAADP. Trends Biochem Sci, 2001, 26: 482–489 
66 Churchill G C, Galione A. NAADP induces Ca2+ oscillations via a 
two-pool mechanism by priming IP3- and cADPR-sensitive Ca2+ 
stores. EMBO J, 2001, 20: 2666–2671 
67 Cancela J M, Van Coppenolle F, Galione A, et al. Transformation of 
local Ca2+ spikes to global Ca2+ transients: the combinatorial roles of 
multiple Ca2+ releasing messengers. EMBO J, 2002, 21: 909–919 
68 Kinnear N P, Boittin F X, Thomas J M, et al. Lysosome-sarcoplasmic 
reticulum junctions. A trigger zone for calcium signaling by nicotinic 
acid adenine dinucleotide phosphate and endothelin-1. J Biol Chem, 
2004, 279: 54319–54326 
69 Lim D, Kyozuka K, Gragnaniello G, et al. NAADP+ initiates the Ca2+ 
response during fertilization of starfish oocytes. FASEB J, 2001, 15: 
2257–2267 
70 Churchill G C, O’Neill J S, Masgrau R, et al. Sperm deliver a new 
second messenger: NAADP. Curr Biol, 2003, 13: 125–128 
71 Moccia F, Lim D, Kyozuka K, et al. NAADP triggers the fertilization 
potential in starfish oocytes. Cell Calcium, 2004, 36: 515–524 
72 Brailoiu G C, Brailoiu E, Parkesh R, et al. NAADP-mediated channel 
‘chatter’ in neurons of the rat medulla oblongata. Biochem J, 2009, 
419: 91–97 
73 Piper R C, Luzio J P. Coupling calcium to lysosomal biogenesis. 
Trends Cell Biol, 2004, 14: 471–473 
74 Luzio J P, Bright N A, Pryor P R. The role of calcium and other ions 
in sorting and delivery in the late endocytic pathway. Biochem Soc 
Trans, 2007, 35: 1088–1091 
75 Lloyd-Evans E, Waller-Evans H, Peterneva K, et al. Endolysosomal 
calcium regulation and disease. Biochem Soc Trans, 2010, 38: 1458– 
1464 
76 Galione A, Morgan A J, Arredouani A, et al. NAADP as an intracel-
lular messenger regulating lysosomal calcium-release channels. Bio-
chem Soc Trans, 2010, 38: 1424–1431 
77 Yamasaki M, Thomas J M, Churchill G C, et al. Role of NAADP and 
cADPR in the induction and maintenance of agonist-evoked Ca2+ spik-
ing in mouse pancreatic acinar cells. Curr Biol, 2005, 15: 874–878 
78 Zhang F, Xia M, Li P L. Lysosome-dependent Ca2+ release response 
to Fas activation in coronary arterial myocytes through NAADP: ev-
idence from CD38 gene knockouts. Am J Physiol Cell Physiol, 2010, 
298: C1209–1216 
79 Brailoiu E, Churamani D, Pandey V, et al. Messenger-specific role 
for nicotinic acid adenine dinucleotide phosphate in neuronal differ-
entiation. J Biol Chem, 2006, 281: 15923–15928 
80 Dionisio N, Albarran L, Lopez J J, et al. Acidic NAADP-releasable 
Ca2+ compartments in the megakaryoblastic cell line MEG01. Bio-
chim Biophys Acta, 2011 (in press) 
81 Esposito B, Gambara G, Lewis A M, et al. NAADP links histamine 
H1 receptors to secretion of von Willebrand factor in human endothe-
lial cells. Blood, 2011, 117: 4968–4977 
 
 
Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction 
in any medium, provided the original author(s) and source are credited. 
 
